Introduction
Leptospirosis is a worldwide zoonotic disease [4] caused by pathogenic Leptospira, which are classified into more than 250 serovars [2] . Rodents are the major carriers of the disease. Infections in humans often result from direct contact with the urine of infected animals or indirect contact with a urine-contaminated environment [25] . The clinical manifestations may range from a mild flu-like illness to a severe and fatal disease [20, 25] . The humoral immune response is considered to be the major protective immune response against Leptospira infection, possibly through antibody neutralization or complement-mediated killing [2] . The transfer of monoclonal anti-lipopolysaccharide (LPS) antibodies to newborn guinea pigs provides passive protection [20] . In contrast, a Th1 response is also essential as a protective response against L. borgpetersenii serovar Hardjo infection in cattle [5, 28] .
Whole-cell leptospirosis vaccines have been used to protect against Leptospira infection [5] . Nonetheless, they still have limitations such as the inability to induce crossprotection among pathogenic serovars and the generation of short-term immunity. These shortcomings prevent them from being effective and reliable vaccines for different geographic areas that have variations in serovar distribution [18, 19] . Subunit vaccines, including recombinant protein and DNA vaccines, have been developed to overcome the lack of cross-serovar protection in whole-cell vaccines.
LipL32 and Loa22 represent candidate antigens for subunit vaccine development against Leptospira. LipL32 is the most abundant constituent of the L. interrogans serovar Lai outer-membrane protein [10] and is shared by pathogenic Leptospira genomospecies, but is not present in saprophytic genomospecies [29] . This protein can be recognized by patient sera and expressed both in vitro and in vivo during infection [12, 13] . However, the immune response induced by LipL32 vaccine only confers partial protection with particular formulations, including DNA vaccines, recombinant BCG vaccines, and adenoviralmediated vaccines [6, 7, 33] . Furthermore, recently emerging evidence suggests that LipL32 locates at the sub-surface region and may not be surface-exposed [31] . Thus, a LipL32-based vaccine may be insufficient to elicit complete protection. Loa22 (also known as Lp0222) is a surfaceexposed outer membrane protein containing an OmpA domain [33] . It is expressed during both acute and chronic infections [7] and can be recognized by the sera of human patients [21] . Loa22 is considered a virulence factor in the hamster model of infection [30] . Partial protection by Loa22 vaccine against Leptospira in a hamster model has also been reported [26] . A hamster model of complete protection against a heterologous challenge using a different serovar from that used for vaccination (a live-attenuated LPS mutant of L. interrogans serovar Manilae) revealed that Loa22 is a potential antigen recognized by the serum of immunized protected animals [32] .
DNA plasmids can directly transfect animal cells, and the corresponding proteins can be synthesized and expressed in vivo [34] . Moreover, DNA vaccines carrying genes that encode for candidate antigens have the ability to elicit both humoral and cell-mediated immune responses against the encoded antigens [3, 38] . The immunogenicity of DNA vaccines, however, is poor in humans, and effective vaccine delivery systems are necessary. Chitosan (CS), a biopolymer containing a polycationic charge from an amine group, is a promising DNA vaccine delivery system. The polycationic chitosan makes it possible to encapsulate negatively charged molecules such as DNA. Chitosan-DNA complexes can be condensed into nanoparticles. This formulation efficiently promotes DNA plasmid uptake into cells [24] .
Using leptospiral outer membrane proteins OmpL1 and LipL41 as antigens, it was shown that two antigens exhibited synergistic immunoprotection [14] . This study prompted us to investigate the immunogenicity induced by a single DNA vaccine encoding lipL32 and loa22 and formulated with chitosan. We evaluated whether the combination of LipL32 and Loa22 generates more robust humoral and cellular immune responses compared with the use of each antigen alone.
Materials and Methods

Animals and Bacterial Strains
Female BALB/c mice (8 weeks old) were purchased from the National Laboratory Animal Centre, Mahidol University, Thailand. They were housed at the Department of Pathology, Faculty of Medicine, Chulalongkorn University, Thailand. All procedures involving manipulations of animals in this project were approved by the Chulalongkorn University Animal Ethics Committee (review protocol No. 02/55). E. coli strains DH5α and BL21 pLysS (Novagen, USA) were cultivated in Luria-Bertani (LB) broth at 37ºC under appropriate shaking conditions or on LB agar in an incubator at 37ºC with appropriate antibiotics.
Cell Culture
The human embryonic kidney 293T (HEK293T) cell line (ATCC No. CRL-1573-LGC) was cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and 100 µg/ml streptomycin at 37ºC in a 5% CO 2 incubator.
Construction and Preparation of the Plasmids and Recombinant LipL32 and Loa22 Proteins
The genomic DNA of L. interrogans serovar Pomona was used as a template for the PCR amplification of the full-length lipL32 and loa22 genes encoding the signal sequence and mature protein, from amino acids 1 to 272 for LipL32 and amino acids 1 to 195 for Loa22, respectively. Purified PCR products of lipL32 and loa22 were cloned into pVITRO1-neo-mcs plasmids (InvivoGen, USA) to obtain pVITRO-lipL32 (lipL32 in MCS1), pVITRO-loa22 (loa22 in MCS2), and pVITRO-lipL32-loa22 (lipL32 in MCS1 and loa22 in MCS2). The sequences of lipL32 and loa22 were confirmed by a commercial sequencing service (First BASE Laboratories, Malaysia). The large-scale preparation of plasmids (pVITRO, pVITRO-lipL32, pVITRO-loa22, and pVITRO-lipL32-loa22) was performed using endotoxin-free giga Qiagen kits (Qiagen, Germany) according to the manufacturer's protocol. The plasmid pRSET C-lipL32 was prepared as previously described [13] except using genomic DNA of L. interrogans serovar Pomona as a template. The plasmid p489A4 containing gene loa22, whose sequence is based on serovar Lai, was a kind gift from Dr. Mathieu Picardeau (Department of Microbiology, Institut Pasteur, Paris, France). Only one amino acid of Loa22 at position 106 is different; that is, G in serovar Pomona and R in serovar Lai. The recombinant LipL32 (rLipL32) and recombinant Loa22 (rLoa22) proteins were produced in E. coli BL21 (DE3) pLysS harboring plasmid pRSETC-lipl32 or p489A4-loa22 by IPTG induction. Both proteins were purified using HiTrap chelating columns (Amersham Biosciences, UK) for the first step of purification, followed by HiTrap butyl FF hydrophobic columns (Amersham Biosciences) with FPLC purification systems (GE Healthcare, UK).
Encapsulation of DNA Vaccine with Chitosan
Acid-soluble low-molecular-weight chitosan from shrimp (average molecular mass 30 kDa and deacetylation rate of 80-85%) was obtained as a kind gift from Dr. Supasorn Wanichwecharungruang (Department of Chemistry, Faculty of Science, Chulalongkorn University). The chitosan was dissolved in 1% acetic acid and adjusted to a pH of 5.5 with NaOH. Chitosan solutions were diluted with 5 mM NaOAc until they reached the desired N/P ratio in the range of 1:1 to 20:1. The DNA plasmid was diluted in 25 mM Na 2 SO 4 and mixed with 100 µl of chitosan with an equal volume of DNA. Nanoparticles were prepared by a complex coacervation technique described by Mao et al. [24] . Briefly, after heating the DNA and chitosan solution at 55ºC for 5 min, equal volumes of the chitosan and the DNA solutions were mixed and immediately vortexed at maximum speed for 60 sec. The nanoparticles containing solution was used immediately after preparation for transfection of the HEK293T cell line for 5 days.
Transfection and Detection by Western Blot and Immunofluorescence
The HEK293T cell line was transfected with plasmid pVITRO, pVITRO-lipL32, pVITRO-loa22, or pVITRO-lipL32-loa22 at the molar concentration of 0.2 pmol of each plasmid in a 24-well plate using the X-treme GENE HP DNA transfection reagent (Roche Applied Science, USA) according to the manufacturer's protocol. After 48 h of transfection, the culture supernatant was collected and the protein lysates were harvested from transfected cells. Proteins were evaluated by western blot analysis using mouse anti-LipL32 and mouse anti-Loa22 polyclonal antibodies. To detect LipL32 and Loa22 expression in the same cell, CS/DNA at an amine/ phosphate (N/P) ratio of 20:1 of CS/pVITRO-lipL32-loa22 was transfected into HEK293T cells and immunofluorescent staining was performed. The following antibodies were used: rabbit antiLipL32 antibody (1:100), mouse anti-Loa22 antibody (1:100), donkey anti-mouse Alexa Fluor488 F(ab') 2 fragments (1:200), and anti-rabbit Alexa fluor555 F(ab') 2 fragments (1:200) (Cell Signaling Technology, USA). Cells were directly observed under a fluorescent microscope (Olympus, Japan) using anti-fade mounting media.
Gel Retarding Analysis
To monitor the encapsulation efficacy, naked pMax-GFP plasmid (Amaxa, USA), a model plasmid, and CS/pMax-GFP nanoparticles prepared at N/P ratios of 1:1, 2:1, 4;1, 8:1, 10:1, and 20:1 were loaded onto 1% agarose gels in 1× TAE buffer. Naked plasmid pMax-GFP was used as a control to compare the efficacy of chitosan in encapsulating DNA. The samples were run on the gel at 100 volts for 40 min.
Scanning Electron Microscope (SEM) Analysis of CS/lipl32-loa22 DNA Particles CS, CS/pVITRO, CS/pVITRO-lipL32, CS/pVITRO-loa22, and CS/pVITRO-lipL32-loa22 nanoparticles prepared by encapsulation at an N/P ratio of 20:1 were directly observed using SEM to assess their size and morphology. Ten microliters of nanoparticle suspension after encapsulation was placed on copper grids. The grids were air-dried, and the samples were visualized at 15 kV 50,000× setting (Faculty of Science, Chulalongkorn University). The size of the CS/DNA particles from SEM was calculated using ImageJ free software.
Immunization
To compare the formulation of the DNA vaccine containing two ORFs within a single plasmid with the co-administration of lipL32 and loa22 in different plasmids, mice were immunized three times by intramuscular (i.m.) injection with 10 pmol of CS/pVITROlipL32-loa22 or co-immunized with CS/pVITRO-lipL32+CS/pVITROloa22 at 10 pmol each, on days 1, 30, and 44 ( Fig. 3 ). Sera were collected for the determination of antigen-specific antibody titers on days 29, 37, and 51. To compare the immune responses generated by the combined LipL32-Loa22 vaccine with the LipL32 or Loa22 vaccines, mice were immunized i.m. with 10 pmol of CS/pVITRO-lipL32, CS-pVITRO-loa22, or CS/pVITRO-lipL32-loa22 plasmid on day 1 (prime), and then boosted twice with the recombinant proteins by subcutaneous injection of rLipL32, rLoa22, or both at the concentration of 0.5 µM (11.63 µg of rLoa22, 15.63 µg of rLipL32) in AddaVax (Invivogen, USA) as an adjuvant on days 30 and 44 (Fig. 4A ). Sera were collected seven days after the second boost. Spleens were isolated for lymphoproliferation assays and the detection of cytokines.
Determination of Antigen-Specific Total IgG, IgG1, and IgG2a in Sera by ELISA Blood was collected by using the retro-orbital bleeding method after anesthesia with AERRANE (isoflurane; Baxter, USA). Ninety six-well immunoplates were coated with 100 µl (5 µg/ml) of purified LipL32, Loa22, or coating buffer (0.1 M Na 2 CO 3 , 0.1 M NaHCO 3 , pH 9.5). After washing and blocking, diluted mouse sera in blocking buffer were added to each well at 100 µl/well and the plates were incubated at room temperature for 1 h.
Horseradish-peroxidase-conjugated anti-mouse IgG, IgG1, or IgG2a (Invitrogen, USA) was then added. The substrate 3,3',5, 5'-tetramethylbenzidine (Sigma-Aldrich, USA) was added and incubated for 20 min at room temperature, after which time the reaction was stopped with 2 M sulfuric acid. The absorbance was read at 450 nm with a microplate reader (Anthos Labtec Instruments, UK).
Lymphocyte Proliferation Assay
Spleens from immunized mice were isolated, and splenocytes were harvested after red blood cell lysis. The resulting cells were resuspended at a final concentration of 1 × 10 6 viable cells/ml in RPMI medium containing 2-mercaptoethanol. A carboxyfluorescein diacetate succinimidyl ester (CFSE) proliferation assay was then performed using a Cell Trace CFSE Cell Proliferation kit (Molecular Probes, USA) according to the manufacturer's protocol. In the final washing step, cells were plated in 24-well plates at 1 × 10 6 cells/well and were stimulated with 20 µg/ml rLipL32, 20 µg/ml rLoa22, or 5 µg/ml Concanavalin A (ConA; SigmaAldrich) as a positive control. After 72 h of stimulation, cells were collected, washed, and stained using mouse anti-CD4-ECD (Beckman Coulter Inc., USA) and were subjected to flow cytometric analysis (FC500; Becman Coulter). The data were analyzed by FlowJo software (Tree Star, Inc., USA).
Measurement of Cytokine by ELISA
To measure cytokine responses upon restimulation in vitro, splenocytes (2 × 10 6 cells/ml) were seeded in a 12-well plate in complete RPMI medium and were stimulated with 20 µg/ml rLipL32, 20 µg/ml rLoa22, 5 µg/ml ConA (positive control), or medium alone (negative control) for 72 h at 37ºC in a 5% CO 2 incubator. The culture supernatants were then collected and Th1 (IFN γ , IL-2) and Th2 cytokine (IL-4, IL-10) responses were then measured using a cytokine ELISA MAX kit (Biolegend, USA) according to the manufacturer's protocol.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 5 software. The results are expressed as the mean and standard deviation (SD). One-way analysis of variance with Turkey-Kremer's post-hoc test was used to determine the statistical significance (p < 0.05). All experiments were performed in duplicate and with five biological samples per group.
Results
Expression of LipL32 and Loa22 in HEK293T Cell Line
The HEK293T cell line was transfected with pVITRO, pVITRO-lipL32, pVITRO-loa22, or pVITRO-lipL32-loa22. The expression of LipL32 and Loa22 could be detected both in the total cell lysate and the culture supernatant (Figs. 1A and 1B). In both cases, a single major band corresponding to a predicted molecular mass of approximately 34 kDa for LipL32 was detected, whereas a single major band corresponding to Loa22 had a molecular mass of approximately 22 kDa. The absence of bands corresponding to β-actin in the culture supernatant (Fig. 1B) indicated that LipL32 and Loa22 were secreted extracellularly rather than released as a result of cell necrosis. Comparison of the expression levels of LipL32 and Loa22 in pVITRO-lipL32-loa22-transfected cells with pVITRO-lipL32 and pVITROloa22 co-transfected cells revealed that pVITRO-lipL32-loa22, which carries both inserts in the same plasmid, resulted in a slightly higher expression of both proteins than the co-transfection method, especially for the level of Loa22 (Fig. 1B) . Taken together, these results indicated that the cloned genes are correctly expressed both intracellularly and as secreted proteins. Using pVITRO-lipL32-loa22 resulted in slightly higher expression of LipL32 and Loa22 than the co-transfection of each plasmid at equimolar concentrations.
Encapsulation of CS/DNA Plasmids and Transfection Using the CS/DNA Complex
To use chitosan as a DNA vaccine delivery system, the efficiency of DNA encapsulation by CS at different amine/ phosphate (N/P) ratios ranging from 1:1 to 20:1 was determined by agarose gel electrophoresis. In this study, pMax-GFP was used as a model plasmid. The encapsulated plasmid, equivalent to 100 ng of DNA, was directly loaded onto a 1% agarose gel and electrophoresed. The naked pMax-GFP DNA migrated at the expected size, whereas the DNA encapsulated in chitosan nanoparticles remained in the loading wells when the N/P ratio was at 8:1 or higher (Fig. 1C) . When using this CS/DNA complex to transfect HEK293T cells, the highest transfection efficiency of CS/DNA was observed at the N/P ratio of 20:1 (Fig. S2) . Based on this result, the efficacy of transfection using CS/ DNA particles of pVITRO-lipL32-loa22 at the N/P ratio of 20:1 was determined by immunofluorescent staining in the HEK293T cell line. The expression of LipL32 and Loa22 could be detected in the same cells (Fig. 1D) , suggesting that both proteins are expressed in the same cells using CS as a delivery system.
The morphology of the CS, CS/pVITRO, CS/pVITROlipL32, CS/pVITRO-loa22, CS/pVITRO-lipL32-loa22, and CS/pVITRO-lipL32+CS/pVITRO-loa22 nanoparticles was analyzed by SEM. Particle sizes were in the nanometer range (approximately 100 nm). Different shapes and sizes were observed but most particles exhibited spherical morphology ( Figs. 2A-2F ). The average sizes of CS/DNA particles in all conditions were approximately 100-125 nm.
There was no significant difference in size among CS/DNA particles (Fig. 2G) . Therefore, the CS/DNA plasmid complex formulated in this study is referred to as a nanoparticle in this study.
Humoral Immune Response Induced by Vaccination of CS/DNA Nanoparticles
The differences in immunogenicity between two lipL32-and loa22-based DNA formulations were evaluated. One formula (CS/pVITRO-lipL32-loa22) contained the two cassettes, lipL32 and loa22, on the same plasmid, whereas another (CS/pVITRO-lipL32+CS/pVITRO-loa22) entailed the co-administration of CS/pVITRO-lipL32 and CS/ pVITRO-loa22. Specific total sera IgG against LipL32 was not significantly different between the two formulations (Fig. 3A) . However, total antigen-specific sera IgG against Loa22 in mice immunized with CS/pVITRO-lipL32-loa22 was higher than in mice co-immunized with CS/pVITROlipL32 and CS/pVITRO-loa22 (Fig. 3B) . The in vivo humoral immune responses correlated well with the level of Loa22 and LipL32 expression in vitro (Figs. 1A and 1B) . This result possibly reflects the expression level of Loa22 from pVITRO-lipL32-loa22-transfected cells, which was higher than in cells co-transfected with CS/pVITRO-lipL32+CS/ pVITRO-loa22. The CS/pVITRO-lipL32-loa22 plasmid was therefore selected for further experiments. Fig. 3 . The humoral immune responses against vaccination using CS/DNA plasmid and prime-boost vaccination using CS/DNA plasmid nanoparticles and recombinant LipL32 and Loa22.
(A-B) Mice were divided into three groups and immunized with the following vaccines; CS/pVITRO (white bar), CS/pVITRO-lipL32-loa22 (grey bar), and CS/pVITRO-lipL32+CS/pVITRO-loa22 (black bar). Five mice per group were used. Each group was immunized three times with similar doses of 10 pmol of DNA plasmids. The endpoint antibody titers of sera collected on day 29 (four weeks after prime immunization), day 37 (one week after boost 1 vaccination), and day 51 (one week after boost 2 immunization) are shown. The titers of specific total IgG against LipL32 (A) and Loa22 (B) are shown. Data are reported as geometric means ± SD. *p < 0.05 indicates statistical significance. (C-D) Mice were immunized using a heterologous prime-boost regimen with the following vaccines: CS/pVITRO+PBS+PBS (white bar), CS/pVITRO-lipL32+rLipL32 (grey bar), or CS/pVITRO-lipL32-loa22+rLipL32-rLoa22 (black bar). The antibody titers of sera collected seven days after boost 2 are displayed. Each group contained five mice. Mice were immunized with 10 pmol of DNA plasmids and 0.5 µmol of rLipL32, rLoa22, or both. Sera titers of antigenspecific total IgG, IgG1, and IgG2a against LipL32 (C) and Loa22 (D) are shown. Data are shown as geometric means ± SD. *p < 0.05, ** p < 0.01 indicate statistical significance when compared with the CS/pVITRO control group or between indicated groups.
Humoral Immune Responses Induced by Heterologous Prime-Boost Immunization
Using two different formulations of vaccine for priming and boost, respectively, has been shown to yield a higher magnitude of immune response, especially for DNA vaccines [22] . Furthermore, our preliminary experiments found that intramuscular administrations of chitosanconjugated DNA plasmids induced low humoral immune responses, as measured by low antibody titer (data not shown). Therefore, a heterologous prime-boost regimen containing DNA and recombinant protein vaccines was used for this study. The prime immunization was performed via an intramuscular injection with CS/DNA (CS/pVITROlipL32, CS/pVITRO-loa22, or CS/pVITRO-lipL32-loa22), followed by two subcutaneous injections for booster immunizations consisting of the recombinant protein in the adjuvant AddaVax (Fig. 4A) . The adjuvant AddaVax drives a balanced Th1/Th2 response when compared with alum [8] . Mice vaccinated with the two antigens exhibited significantly higher sera levels of antigen-specific total IgG and IgG1 than mice receiving only the single LipL32 antigen. However, the total anti-LipL32 IgG and IgG2a levels were not significantly different between the two groups (Fig. 3C) . For antibody production against Loa22, mice vaccinated with two antigens showed significantly higher levels of anti-Loa22 IgG1 antibodies when compared with those that received Loa22 alone (Fig. 3D) . The immune response based on produced antibody isotypes appears to be Th2-biased in mice receiving two antigens, as Loa22-and LipL32-specific IgG1 (Th2) levels were higher than those receiving a single antigen (Figs. 3C and 3D ). Although we did not perform a side-by-side comparison experiments of vaccination regimens using DNA vaccine alone and heterologous prime boost, the data of Figs. 3A-3B and 3C-3D clearly demonstrated that DNA vaccine alone yielded more than 1,000-fold less specific antibody titer than the heterologous prime boost vaccination.
T Cell Responses to LipL32, Loa22, and LipL32-Loa22 in an In Vitro Restimulation T cell responses to an in vitro restimulation were measured to test whether the two antigens help to improve immunogenicity by better stimulating T cells responses better than LipL32 or Loa22 antigen alone. CFSE was used to monitor cell proliferation after restimulation with recombinant antigens, and gated CD4 + T cells were analyzed for cell proliferation by flow cytometry. Mice immunized with the combination of LipL32 and Loa22 antigens or vaccinated with a single LipL32 or Loa22 antigen showed no significant differences in CD4 + T cell proliferation upon restimulation with 20 µg/ml of LipL32 or Loa22 (Fig. 4A) . The cytokine profiles in response to restimulation with LipL32 or Loa22 showed significant increases in all cytokines detected in this study when compared with CS/ pVITRO-PBS-PBS control groups. The level of IFN-γ in mice immunized with two antigens was significantly higher than in mice that received only antigen LipL32 (Fig. 4B) . The levels of Th2 cytokines IL-4 and IL-10 produced by stimulated splenocytes were extremely low, whereas the vaccination with two antigens resulted in stronger anti-Loa22 Th1 responses (IFN-γ and IL-2) than when immunized with Loa22 antigen alone (Fig. 4C) . Nevertheless, no significant differences were detected in the Th2 cytokine response (IL-4, IL-10) between groups receiving two antigens or one.
Discussion
Previous investigations showed that LipL32 is a conserved outer membrane protein among pathogenic serovars [15] . The suitability of LipL32 as a good vaccine candidate is still controversial because its protective efficacy is not consistent in the literature [27] . Therefore, the use of LipL32 antigen alone may be insufficient to achieve complete protection. The objective of this study was to therefore test whether a combination of LipL32 with another antigen could promote better humoral and cell-mediated immune responses than when using LipL32 alone.
The antigen used in combination with LipL32 in this study was Loa22, a protein in the OmpA lipoprotein family [21] . Loa22 possesses many characteristics of a good vaccine candidate: (i) it is a surface protein [30] ; (ii) it is confirmed by a mutagenesis study to be a known virulence factor [32] ; (iii) it is expressed during infection and can be recognized by patient sera [29] ; and (iv) it provides partial protection in challenged hamsters [39] . The characteristics of LipL32 and Loa22 could induce a protective response against broad serovars because both of them are conserved among pathogenic serovars of leptospires. A combination of these two antigens may improve the efficacy of the humoral and cellular immune responses and protect against infection by heterologous serovars. A study exploring the combination of LipL32 and Loa22 as a vaccine candidate has never been undertaken before.
Therefore, in this study, a combination of LipL32 and Loa22 was investigated as a candidate vaccine by using biopolymer chitosan as a delivery system for lipL32 and loa22 DNA vaccines. Furthermore, since our unpublished data indicated that DNA vaccines of either lipL32 and loa22 alone induced antibody response poorly, the heterologous prime-boost immunization regimen was carried out using DNA vaccine for priming and recombinant protein vaccine as a booster.
HEK293T cells transfected with DNA plasmids containing full-length lipL32 or loa22 or both expressed the corresponding proteins intracellularly and extracellularly. Both proteins were secreted from the transfected mammalian cells, although the full-length lipL32 and loa22 contained bacterial signal sequences. The secretion of both proteins indicates that the bacterial or native signal peptides of either LipL32 or Loa22 can be recognized in higher eukaryotes such as mammals. This result is consistent with a previous report showing that bacterial signal peptides are functional for direct secretion of proteins in mammalian cells [16] . In the presence of a signal sequence, our DNA vaccines should be subsequently processed not only as endogenous antigens but also as exogenous antigens and therefore induce better antibody production in comparison with those without a signal sequence.
To construct a recombinant DNA plasmid of lipL32 and loa22, the mammalian expression vector pVITRO1, which possesses two multiple cloning sites, was used. This plasmid made it possible to insert both lipL32 and loa22 into the same plasmid. Both genes were expressed under the control of different promoters that displayed strong activity and yielded similar levels of expression. Therefore, the difference in the levels of expression of both antigens was not due to differences in promoter activity. The encapsulation of the DNA vaccine by chitosan demonstrated an optimal N/P ratio of 20:1, and the efficacy of chitosan in delivering of DNA vaccine of lipL32 and loa22 was consistent with several studies that demonstrated the ability of chitosan to promote DNA uptake by cells [24] and induce an immune response in response to a DNA vaccine [9, 35] .
The two formulations of the DNA vaccine were compared in terms of in vitro protein expression and their efficacy in inducing in vivo humoral immune responses. The first formulation was CS/pVITRO-lipL32-loa22 (two ORFs in one plasmid) and the other consisted of a CS/pVITROlipL32+CS/pIVTRO-loa22 co-administration (two ORFs in two plasmids). There was no significant difference in LipL32 protein expression levels in vitro after transfection with the two formulations, in contrast to Loa22 expression levels, in which the transfection of CS/pVITRO-lipL32-loa22 (two ORFs in one plasmid) resulted in higher levels in both cell lysates and culture supernatants than the cotransfection method. This result was consistent with the in vivo humoral responses observed after vaccination with equimolar concentrations of the DNA vaccines. The levels of total Loa22-specific IgG were higher in mice immunized with CS/pVITRO-lipL32-loa22 than those receiving coimmunization by the two plasmids. In addition to differences in protein antigen expression, other mechanisms may also contribute to the observed diminished effect in the twoplasmid formulation. The use of CS/pVITRO-lipL32-loa22 not only results in increased antigen expression and a greater antibody response, but it is more practical owing to the reduced preparation time and cost.
Many vaccine studies in other infectious diseases such as HIV [17, 36] , tuberculosis [23] , influenza [37] , and leptospirosis [11] have demonstrated that a heterologous prime-boost immunization using two different vaccine formulations is a promising effective strategy for stimulating both the humoral and cellular immune responses than either vaccine formulation alone. In leptospirosis, the humoral immune response is a major protective immunity against infection, but recent evidence also demonstrated the importance of the Th1 response and cell-mediated immune response [28, 40] . Therefore, a balanced Th1/Th2 response may require to generate a full protective response. Because protein antigens delivered via a DNA vaccine are synthesized and subjected to antigen processing and presentation via the intracellular pathway, it is thought to induce better cell-mediated immune response, whereas protein subunit vaccines are superior in inducing humoral immune responses. Using a heterologous prime (DNA vaccine)-boost (protein subunit vaccine) may provide better protective responses against leptospirosis. To test this hypothesis, we applied a heterologous prime-boost immunization regimen to promote both humoral and cellular immune responses.
In a heterologous prime-boost immunization using the CS/DNA vaccine and recombinant proteins, all the antibody titers elicited in the protein-boosted groups showed higher levels than the group immunized with only CS/pVITROlipL32-loa22 DNA vaccine. This result indicates that a proteinboost strategy can improve the immunogenicity of DNA vaccines against both LipL32 and Loa22. Priming immunization with the CS/DNA vaccine and boosting twice with recombinant LipL32 and Loa22 proteins in AddaVax drove a Th2 immune response, as evidenced by the greater levels of IgG1 and total IgG compared with IgG2a. AddaVax is an adjuvant described by the manufacturer as a balanced inducer of Th1 and Th2 responses, which is superior to alum, which usually induces a Th2-biased response [8] . However, in this study, the humoral immune response still leaned towards a Th2 response, albeit with slightly higher IgG2a (Th1) levels than those of mice immunized with only DNA vaccines. Another factor that may explain the Th2 response seen in this study is the use of BALB/c inbred mice that are known to mount Th2-biased immune responses. Thus, this vaccination strategy could be valuable for inducing both Th1 and Th2 responses against both antigens.
The antibody responses, including total IgG, IgG1, and IgG2a levels against LipL32 and Loa22, were not different between mice receiving a single LipL32 or Loa22 antigen to mice receiving both LipL32 and Loa22. Likewise, the proliferation of CD4 + T cells upon in vitro restimulation was also the same in both groups, indicating that no changes in humoral and CD4 + T cell proliferative responses were found when the two antigens were used as vaccines. Cytokine measurements of in vitro restimulated splenocytes revealed that all vaccinated groups showed significantly increased levels of Th1 (IFN-γ and IL-2) but not Th2 (IL-4 and IL-10) cytokines compared with the control groups. More importantly, splenocytes from mice receiving two antigens produced significantly more IFN-γ than those from mice receiving a single antigen. Therefore, the twoantigen vaccination appears to boost Th1 cytokine production better. Using intracellular cytokine staining, however, we could not detect any differences in the percentage of IFN-γ CD4 + T cells or in fluorescent intensities for these cytokines in CD4 + T cells between these two groups (data not shown).
Therefore, it is possible that other cell subsets in the spleen may be responsible for the greater production of cytokines observed. Combining LipL32 and Loa22 antigens did not provide a synergistic effect in stimulating humoral immune responses against LipL32 or Loa22, and the combination of both antigens did not act antagonistically against each other. We observed only a synergistic effect in an in vitro restimulation assay for Th1 cytokines. Various studies have reported that combining two antigens, for example, the ompL1 and lipL41 DNA vaccine, provides a synergistic effect in leptospirosis [14] . A vaccine against Mycobacterium tuberculosis suggests that there is a synergistic effect of combining three antigens [1] . Nevertheless, the result of no synergistic effect in the humoral immune response in our study may be explained by differences in the recombinant LipL32 and Loa22 proteins used. The LipL32 and Loa22 recombinant subunit vaccines were co-administered into mice as separate proteins in our study, whereas the aforementioned studies used fusion proteins that combined two or three antigens into one protein. Antibody and T cell response may react against the overlapping region of each antigen in the peptide. Therefore, this may promote a cross-reaction and provide a synergistic effect. In our study, however, the lipL32 and loa22 DNA plasmids were not constructed as a fusion gene and the LipL32 and Loa22 recombinant proteins did not form a fusion protein. Although the synergistic effect on the humoral immune response between LipL32 and Loa22 may not have been observed, a combination of the two antigens may promote better protective efficacy than using a LipL32 or Loa22 vaccine alone. The protective efficacy of LipL32 and Loa22 in combination needs to be studied further in pathogen-challenged animal models. To determine the precise synergistic protective effects of LipL32-Loa22 vaccine candidates and their protective efficiency, hamster or guinea pig models should be tested in the future.
